Neonates at risk of childhood atopy and asthma exhibit perturbation of the gut microbiome, metabolic dysfunction and increased concentrations of 12,13-diHOME in their faeces. However, the mechanism, source and contribution of this lipid to allergic inflammation remain unknown. Here, we show that intra-abdominal treatment of mice with 12,13-diHOME increased pulmonary inflammation and decreased the number of regulatory T (T reg ) cells in the lungs. Treatment of human dendritic cells with 12,13-diHOME altered expression of PPARγ-regulated genes and reduced anti-inflammatory cytokine secretion and the number of T reg cells in vitro. Shotgun metagenomic sequencing of neonatal faeces indicated that bacterial epoxide hydrolase (EH) genes are more abundant in the gut microbiome of neonates who develop atopy and/or asthma during childhood. Three of these bacterial EH genes (3EH) specifically produce 12,13-diHOME, and treatment of mice with bacterial strains expressing 3EH caused a decrease in the number of lung T reg cells in an allergen challenge model. In two small birth cohorts, an increase in the copy number of 3EH or the concentration of 12,13-diHOME in the faeces of neonates was found to be associated with an increased probability of developing atopy, eczema or asthma during childhood. Our data indicate that elevated 12,13-diHOME concentrations impede immune tolerance and may be produced by bacterial EHs in the neonatal gut, offering a mechanistic link between perturbation of the gut microbiome during early life and atopy and asthma during childhood.
T he development of severe asthma during childhood is often preceded by eczema and/or atopy-a heightened immune response to multiple food allergens and aeroallergens 1 . Although genetic risk factors have been identified, the increased prevalence of atopy, eczema and asthma, predominantly in developed nations, suggests that changes in lifestyle and environmental exposures play a key role in the development of these diseases. Indeed, a number of early-life exposures have been identified that increase childhood atopy and asthma risk, including formula feeding, birth by caesarian section, and prenatal and postnatal antibiotic use, whereas early-life exposure to livestock and furred pets confer protection [2] [3] [4] [5] [6] . Many of these exposures shape the composition and function of the human microbiome, which has now been established as a critical driver of immune function [7] [8] [9] .
Independent US and Canadian birth cohorts revealed a link between the early-life gut microbiome and the subsequent development of childhood atopy and asthma [10] [11] [12] . The gut microbiota of infants and neonates at increased risk of childhood atopy and/ or asthma are distinct, characteristically depleted of bacterial genera and exhibit fungal expansion and metabolic reprogramming [10] [11] [12] . Faecal metabolic alterations in high-risk infants include depletion of anti-inflammatory short-chain or polyunsaturated fatty acids and enrichment of monohydroxy fatty acids, including 12,13-diHOME [10] [11] [12] . Importantly, in mice, gut-microbiome-derived short-chain and polyunsaturated fatty acids protect against allergic inflammation of the airways 13, 14 . By contrast, in vitro co-culture studies of human dendritic cells (DCs) and T cells revealed that pretreatment of DCs with 12,13-diHOME caused a dose-dependent decrease in the frequency of T reg cells 11 , a characteristic immunological feature of untreated children with asthma 15 . 12,13-diHOME is a relatively uncharacterized linoleic acid (LA) metabolite previously shown to be induced in the airways of adults with asthma following bronchial provocation with an allergen 16 . More recent in vivo studies have linked 12,13-diHOME with increased thermal hyperalgesia and fatty-acid uptake in adipose and skeletal muscle [17] [18] [19] , implicating it as an important lipid mediator in a range of physiological processes. However, the mechanism and source of this lipid in the faeces of neonates at risk of asthma remain unknown. Given our previous observations 11 , we hypothesized that elevated faecal concentrations of 12,13-diHOME promote allergic inflammation by inducing DC dysfunction, resulting in a subsequent reduction in the number of anti-inflammatory T reg cells. Furthermore, we hypothesized that this lipid is produced by gut microorganisms in high-risk neonates. Here we show that-at elevated concentrations-12,13-diHOME caused an increase in pulmonary inflammation, a reduction in the number of lung T reg cells in vivo and reprogrammed human DC activity in vitro. We identified three strain-specific bacterial genes within the neonatal Results 12,13-diHOME exacerbates lung inflammation in mice challenged with allergens. Initially, we examined whether 12,13-diHOME exacerbates allergic sensitization in vivo by treating mice with 12,13-diHOME (30 mg kg −1 ) or vehicle control (10% DMSO) by peritoneal injection before subjecting them to airway sensitization and challenge with cockroach antigen (CRA). Treated animals showed significantly increased peribronchial and perivascular inflammatory infiltrates and total serum IgE compared with those treated with vehicle alone ( Fig. 1a-d , Supplementary Fig.  1a,b ). Furthermore, 12,13-diHOME-treated animals also exhibited increases in lung-resident T cells, neutrophils and monocytes, and pulmonary expression of pro-inflammatory innate cytokines IL-1β, IL-1α and TNF, as well as a significant decrease in the number of lung T reg cells and a decrease in the number of alveolar macrophages in the lungs ( Fig. 1e -g, Supplementary Fig. 1j -m).
To evaluate whether oxylipins injected into the peritoneum reach the circulation, we quantified the concentration of 12,13-diHOME in plasma using targeted liquid chromatography with mass spectrometry (LC-MS) 20 3 h after peritoneal injection of 12,13-diHOME and observed a significant increase in plasma concentration compared with vehicle-treated animals (Fig. 1h ). Furthermore, the 12,13-diHOME-treated animals exhibited a significantly increased concentration of 12,13-diHOME in their lungs ( Supplementary Fig.  1n ). Together, these data suggest that-following peritoneal injection-12,13-diHOME can enter the circulatory system and may interact directly with the lung mucosa to exacerbate allergic inflammation of the airways. This does not preclude local synthesis of 12,13-diHOME by pulmonary microbiota or by pulmonary tissue, but rather indicates that lower-airway allergic inflammation may be exacerbated by circulating metabolites originating in the gut. 12,13-diHOME reprograms lipid handling and IL-10 expression of DCs. To determine a mechanism by which 12,13-diHOME exacerbates inflammatory responses, we considered its structural similarity to known ligands of peroxisome proliferator-activated receptor-γ (PPARγ)-a lipid-activated nuclear receptor that regulates adipogenesis, fatty-acid uptake, inflammation, glucose metabolism and intestinal microbiota [21] [22] [23] . In mice, loss of PPARγ in DCs leads to a loss of immune tolerance and exacerbation of pulmonary inflammation 22 . We therefore hypothesized that 12,13-diHOME induces pro-allergic immune dysfunction through PPARγ signalling in DCs. Human DCs treated with 12,13-diHOME exhibit decreased secretion of IL-10, an anti-inflammatory cytokine that protects against allergic inflammation 24 (Fig. 2a ). Co-culture of 12,13-diHOME-treated DCs and autologous T cells altered the distribution of CD4 + T cells, specifically decreasing the frequency of T reg cells without decreasing cell viability ( Fig. 2b , Supplementary  Fig. 2c-e ), confirming that the observed reduction in IL-10 secretion by DCs has a functional consequence for T reg cell populations.
To evaluate whether 12,13-diHOME exerts this effect through PPARγ, we isolated RNA from human DCs treated with 12,13-diHOME in vitro and studied PPARγ-regulated gene expression. Treatment with 12,13-diHOME mimicked previously characterized effects of PPARγ activation, including decreased expression of CD1a-an immune marker involved in lipid-antigen presentation 25 -and increased expression of fatty acid binding protein 4 (FABP4) and hydroxyacyl-CoA-dehydrogenase (HADH)genes involved in fatty-acid uptake and oxidation, respectively 25 (Fig. 2c ). Using flow cytometry, we confirmed that 12,13-diHOME activated PPARγ in human DCs in vitro, decreasing expression of CD1a, CD80 and CCR7-surface proteins involved in lipid presentation, antigen presentation and cell trafficking in human DCs 25 ( Fig. 2d-f ). To test whether 12,13-diHOME acts on PPARγ directly, we used a modified PPARγ reporter assay 26 and found that treatment with 12,13-diHOME in excess of 50 μM leads to PPARγ activation ( Fig. 2g ). These observations are consistent with recently reported increases in lipid uptake by adipose tissue treated with 12,13-diHOME 17 .
Although PPARγ activation in DCs is traditionally considered to be anti-inflammatory 27 , more-recent studies suggest that it may promote allergic inflammation 28 . Alternatively, 12,13-diHOME may act as a weak agonist of PPARγ and compete with endogenous PPARγ ligands 25 . Emerging data indicate that 12,13-diHOME influences a range of mammalian tissues [17] [18] [19] . Our data provide evidence that the effects of 12,13-diHOME extend to antigen-presenting cells and that elevated concentrations of this lipid cause a change in lipid handling and a reduction in IL-10 secretion by DCs. Given the emerging importance of 12,13-diHOME in a number of different tissues, it is plausible that it may also signal through other lipid receptors. Indeed, 12,13-diHOME was recently identified as an activator of transient receptor potential vanilloid 1 (TRPVI) 29 , the loss of which is associated with decreased asthma prevalence in humans and protection against airway inflammation in animal models 30, 31 . Thus, 12,13-diHOME may have multiple cellular targets and its effects are probably not mediated exclusively by PPARγ. 12,13-diHOME is enriched in the faeces of neonates who are at risk of atopy and asthma. Given the evidence for 12,13-diHOME as a driver of allergic inflammation in mice and humans, we focused on determining the concentration and potential sources of 12,13-diHOME in neonatal faeces. Initially, using LC-MS, we quantified the concentration of 12,13-diHOME in a subset of onemonth-old neonates from the Wayne County Health, Environment, Allergy and Asthma Longitudinal Study (WHEALS; Supplementary  Tables 6 and 11 ; total n = 41; atopic n = 7; asthmatic n = 8; atopy and/or asthma n = 19) 11 . These included 26 stool samples from onemonth-old neonates-microbiologically representative of the variance in the composition of the gut microbiome observed across a larger cohort of 130 one-month-old neonates 11 -and a further 15 randomly selected samples (with >50 mg of stool and >10 ng of extracted faecal DNA) from the same cohort of one-month-old neonates for whom childhood atopy and asthma outcomes were available. Targeted LC-MS demonstrated that 12,13-diHOME was present in all neonatal stool; however, significantly higher concentrations were detected in the stool of neonates who subsequently developed atopy and/or asthma, even after adjusting for potential confounding factors ( Fig. 3a , Supplementary Table  8 ). By contrast, the concentration of 9,10-diHOME-an enantiomer of 12,13-diHOME-did not differ between the two groups ( Supplementary Fig. 3a , Supplementary Table 8 ).
Specific bacterial EH genes produce 12,13-diHOME and decrease lung T reg cells in CRA-challenged mice. 12,13-diHOME is a terminal product of linoleic acid (LA) metabolism, which is initially converted to 12,13-EpOME either enzymatically via a cytochrome P450 epoxygenase 32 or spontaneously through oxidation. Then, 12,13-EpOME is converted to 12,13-diHOME by an epoxide hydrolase (EH)-enzymes encoded by humans, bacteria and fungi [33] [34] [35] . To screen for potential sources of 12,13-diHOME in neonatal faeces, the aforementioned 26 neonatal stool samples were sequenced using shotgun metagenomic sequencing. A database of known bacterial (~73,000), fungal (~5,000) and human (~50) EH -diHOME exacerbates lung inflammation in mice challenged with CRA. a, Haematoxylin and eosin-stained bronchioles and blood vessels from the lungs of mice treated with vehicle (10% DMSO) and challenged with PBS or CRA, or treated with 30 mg kg −1 12,13-diHOME (solubilized in 10% DMSO) and challenged with CRA. Scale bars, 50 μm. Representative of four experimental repeats. b, Peritoneal 12,13-diHOME treatment (n = 22 mice) increases serum IgE compared with vehicle-treated CRA-challenged mice (n = 19 mice; linear mixed effects (LME), P = 0.019) or vehicle-treated, PBS-challenged mice (n = 14 mice; LME, P = 0.0088). c,d, 12,13-diHOME treatment (n = 19 mice) increases the number of infiltrating cells surrounding the bronchioles (c) and veins (d) of CRA-challenged mice compared with mice treated with vehicle and challenged with PBS (n = 10 mice; LME, P = 0.0202 (bronchial), P = 0.000122 (venous)) or mice treated with vehicle and challenged with CRA (n = 18 mice; LME, P = 0.0449 (bronchial), P = 0.00127 (venous)). e, Peritoneal 12,13-diHOME treatment increases the number of lung-resident T cells (CD3 + ) in CRA-challenged mice (n = 8 mice) compared with mice treated with vehicle and challenged with PBS (n = 10 mice; LME, P = 4.69 × 10 −6 ) or mice treated with vehicle and challenged with CRA (n = 10 mice; LME, P = 0.016). f, 12,13-diHOME treatment of mice challenged with CRA (n = 8 mice) increases the expression of IL1B compared with expression in mice treated with vehicle and challenged with PBS (n = 9 mice; LME, P = 0.0010) or mice treated with vehicle and challenged with CRA (n = 9 mice; LME, P = 0.030). g, 12,13-diHOME treatment of mice challenged with CRA (n = 18 mice) decreases the number of T reg cells compared with the number in mice treated with vehicle and challenged with CRA (n = 18 mice; LME, P = 0.031). h, Peritoneal treatment of mice with 12,13-diHOME significantly increases the concentration of 12,13-diHOME in the lungs (n = 7 mice; LME, P = 0.0048) at 3 h after delivery. Unique symbols (triangles, squares, diamonds, circles, pluses, asterisks and crosses) represent mice from independent repeats. All data were plotted using boxplots from ggplot2, which displays the median, the 25th and 75th percentiles, and the smallest and largest values within 1.5× the interquartile range (whiskers). See also Supplementary Fig. 1 .
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genes was assembled and analysed using ShortBred 36 to probe the neonatal metagenomic data for sequence reads with EH homology. No fungal or human EH genes were detected in the neonatal shotgun sequence dataset; however, approximately 1,400 putative bacterial EH genes were identified. Bacterial EH genes were significantly more abundant in the stool of neonates who developed Fold changes (2 −ΔΔC t ) relative to vehicle control are presented on a log scale. d-f, 12,13-diHOME decreased the expression of CD1a (d), CCR7 (e) and CD80 (f) on human DCs (CD3 − CD19 − CD11c + ; n = 4 human donors; LME, comparing vehicle with 75 μM 12,13-diHOME the P values were P < 2.0 × 10 −16 , P < 3.1 × 10 −4 and P < 3.6 × 10 −12 for CD1a, CCR7 and CD80, respectively). g, Raw264.7 cells transfected with a PPARγ-activated luciferase reporter and treated with 12,13-diHOME or known PPARγ agonists GW1929 (K d = 1.4 nM) 56 and rosiglitazone (K d = 40 nM) 56 (n = 3 independent experiments; graph depicts median and s.e.m. for all datapoints). For a-f, data are presented as boxplots generated using ggplot2, which displays the median, the 25th and 75th percentiles, and the smallest and largest values within 1.5× the interquartile range (whiskers). For a-g, experiments were performed with n = 3-4 treatment replicates using cells isolated from three or four independent donors (biological replicates are represented by triangles, diamonds, circles and squares). See also Supplementary Fig. 2 .
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Nature Microbiology c d 15 55 diHOME and decrease the number of lung t reg cells in mice challenged with CRA. a, Neonates who develop childhood atopy and/or asthma exhibit increased faecal concentrations of 12,13-diHOME (n = 41 neonates; LR adjusting for race, P = 0.037; see Supplementary Table 6 for a full summary of the statistical analysis). b, Neonates who develop atopy and/ or asthma during childhood have more bacterial EH genes in their stool (n = 26 neonates; LR adjusting for formula feeding; P = 0.007; Supplementary Table  7 ). c, The 30 most abundant EH genes identified in stool are enriched in neonates who develop atopy. Dendograms represent hierarchical clustering of bacteria and genes generated using HClust2. NA, not applicable. d, Three of the candidate EH genes, E. faecalis NP_814872, B. bifidum YP_003971091 and B. bifidum YP_003971333, convert 12,13-EpOME to its conjugate diol, 12,13-diHOME. e, Mice orally gavaged with LA and E. coli overexpressing NP_814872, YP_003971091 and YP_003971333 (3EH and LA) have significantly more 12,13-diHOME in their plasma than those supplemented with vehicle (LME; no CRA n = 5 mice, P = 0.038; CRA-challenged n = 9 mice, P = 0.0065). f, Mice treated with 3EH and LA and challenged intratracheally with CRA had significantly fewer lung T reg cells than mice treated with vehicle and challenged with CRA (LME; CRA-challenged n = 9 mice, P = 6.57 × 10 −5 ). For a, b, e and f, data are presented as boxplots that were generated using ggplot2, which displays the median, the 25th and 75th percentiles, and the smallest and largest values within 1.5× the interquartile range (whiskers). See also Supplementary Fig. 3 and Supplementary Tables 6 and 7. atopy and/or asthma during childhood ( Fig. 3b , Supplementary  Table 9 ). The 30 most abundant of which were primarily encoded by the strains Enterococcus faecalis, Streptococcus, Bifidobacterium bifidum and Lactobacillus (Fig. 3c ), common early-life gut microbiome members.
To evaluate whether these putative EH genes are capable of hydrolysing epoxides and producing 12,13-diHOME, we developed a cell-based functional assay. A subset (n = 11) of the most frequently detected putative bacterial EH genes with ≥75% of homologous EH marker regions identified in the metagenomic data were selected for functional screening (Supplementary Table 1 ). These genes were synthesized, cloned into Escherichia coli for expression and EH activity was measured using modifications of a previously described colorimetric assay 37 . All 11 genes screened were capable of hydrolysing glycidol, a generic epoxide, to its conjugate diol, glycerol, and three of them hydrolysed 9,10-EpOME to 9,10-diHOME. However, only NP_814872 (E. faecalis), YP_003971091 (B. bifidum) and YP_003971333 (B. bifidum) converted 12,13-EpOME to 12,13-diHOME ( Fig. 3d ), indicating that-although bacterial EH activity is common in the neonatal gut microbiome-bacterial capacity to produce 9,10-diHOME or 12,13-diHOME appears less common and strain specific.
Next, we examined whether the introduction of the 3EHs capable of synthesizing 12,13-diHOME could recapitulate the reduction in T reg cells observed in 12,13-diHOME-treated mice ( Fig.  1 ). To test this, mice were orally supplemented with E. coli strains that overexpressed NP_814872 (E. faecalis), YP_003971091 (B. bifidum) and YP_003971333 (B. bifidum), and LA, a precursor to 12,13-diHOME. Mice were then subjected to the CRA model of allergic airway inflammation used in Fig. 1 (Supplementary Fig. 3e ). Mice supplemented with the 3EH strains and LA showed significantly higher concentrations of 9,10-diHOME and 12,13-diHOME in their plasma compared with vehicle-treated controls ( Fig. 3e , Supplementary Fig. 3f ). Although the plasma concentrations of 12,13-diHOME in this experiment were almost an order of magnitude lower than those observed after peritoneal injection (compare Fig. 3e with Supplementary Fig. 1n ), we still observed a significant decrease in the number of T reg cells in the lungs of CRA-challenged mice supplemented with the 3EH-expressing bacteria and LA ( Fig.  3f ). Together, these results indicate that oral supplementation with 12,13-diHOME-producing bacteria and LA is sufficient to recapitulate the decrease in mouse lung T reg cells, a cardinal immune feature of airway allergic inflammation.
An increase in neonatal faecal 3EH gene copy number and 12,13-diHOME concentration are associated with atopy, eczema and asthma during childhood. Our data indicated that elevated concentrations of 12,13-diHOME promote allergic inflammation in vitro and in vivo, and that specific bacterial epoxide hydrolases identified in the gut microbiome of neonates at high risk of asthma both produce 12,13-diHOME and promote airway allergic inflammation in mouse models. We therefore investigated whether neonatal gut microbiome 3EH copy number or the concentration of | increased concentrations of 12,13-diHOME and the 3EH genes in neonatal stool are associated with the development of childhood atopy, eczema and/or asthma in two uS cohorts. a, Increased bacterial 3EH copy number is observed in neonates who developed atopy and/or asthma, and corresponds with the significant increase in overall faecal EH genes identified by ShortBred analysis (n = 41 neonates; LR, P = 0.0387; Fig. 3b , Supplementary Table 10 ). Data are presented as a boxplot that was generated using ggplot2, which displays the median, the 25th and 75th percentiles, and the smallest and largest values within 1.5× the interquartile range (whiskers). b, In a subset of the WHEALS cohort, an increase in 12,13-diHOME concentration in neonatal stool significantly increased the relative probability of developing atopy at two years of age and/or asthma at four years of age (n = 41 neonates; LR, 3EH + : OR = 1.25, 95% CI = 0.98-1.59, P = 0.073; 12,13-diHOME adjusted for race: OR = 5.07, 95% CI = 1.10-23.3, P = 0.037; see Supplementary Table 12 for a full summary of the statistical analysis). For 3EH, analysis was performed using a log 2 transformation of the 3EH copy number. c, In a subset of the TIPS birth cohort, an increase in faecal 3EH copy number was associated with a significantly increased relative probability of developing eczema in twoyear-old children and/or asthma in four-year-old children (n = 50 neonates; LR, 3EH + : OR = 1.25, 95% CI = 1.05-1.50, P = 0.013; 12,13-diHOME: OR = 1.51, 95% CI = 0.95-2.40, P = 0.079; see Supplementary Table 14 for a full summary of the statistical analysis). For 3EH, analysis was performed using a log 2 transformation of the 3EH copy number. The OR and CI for each risk factor are shown in b and c. See also Supplementary Fig. 3 and Supplementary Tables 6-14 .
Articles Nature Microbiology 12,13-diHOME could be used to predict risk of atopy or asthma in childhood. Indeed, faecal 3EH copy number was significantly increased in one-month-old neonates who subsequently developed atopy and/or asthma during childhood ( Fig. 4a , Supplementary  Table 10 ; n = 41). Using our subset of the WHEALS cohort (n = 41; atopic/asthmatic, n = 19; Supplementary Tables 8 and 11 ) and logistic regression (LR), we examined the probability of children developing atopy at two years of age and/or asthma at four years of age on the basis of neonatal faecal 12,13-diHOME concentration, faecal 3EH copy number or known early-life risk factors selected a priori on the basis of previously published literature, including gender, race, maternal asthma, lack of pets, maternal smoking, delivery by caesarean section and formula feeding at one month of age [38] [39] [40] [41] .
In our subset of the WHEALS cohort, we found that increased 12,13-diHOME concentration in neonatal stool was associated with a significantly increased probability of developing atopy and/ or asthma during childhood ( Fig. 4b , Supplementary Table 12 ). Logistic regression (LR) was used to model this relationship and test for potential confounding by known risk factors. Multivariate LR identified race as a potential confounding factor of the relationship between faecal 12,13-diHOME concentration and disease development (see Supplementary Table 8 for the full analysis). Adjusting for race, we found that each additional ng of 12,13-diHOME per mg of neonatal faeces increased the probability of developing childhood atopy and/or asthma by a factor of 5 (adjusted odds ratio (OR) = 5.07, 95% confidence interval (CI) = 1.10-23.3, P = 0.016; Supplementary Table 12 ).
Given our small sample size, we sought to validate these findings in an independent neonatal cohort. Accordingly, we quantified 12,13-diHOME concentration and 3EH copy number in one-month stool samples from the placebo arm of the Trial of Infant Probiotic Supplementation (TIPS) study 42 . This trial-performed in a predominantly white birth cohort in San Francisco, California-examined the effect of probiotic supplementation on the development of eczema and asthma. Those in the placebo arm with >300 mg of stool collected at one month of age, eczema outcomes collected at two years of age and asthma outcomes collected at 4 years of age were included in our analysis ( Supplementary Tables 7 and 13 ; total n = 50, eczema n = 22, asthma n = 6, eczema and/or asthma n = 23).
In our subset of the TIPS cohort, increased faecal 3EH copy number was associated with the development of eczema at two years of age and/or asthma at four years of age (OR = 1.25, 95% CI = 1.05-1.50, P = 0.013; Supplementary Table 14 ), whereas increased faecal 12,13-diHOME concentration did not reach our threshold for significance (12,13-diHOME, OR = 1.51, 95% CI = 0.95-2.40, P = 0.079; Fig. 4c , Supplementary Table 14 ). In this predominantly white cohort, the associations between one-month-old faecal 3EH copy number or 12,13-diHOME and the development of eczema and/or asthma during childhood did not show strong evidence of confounding by known risk factors (all change in OR < 10%; Supplementary Table 14 ). Despite the differences in geography and study design between the WHEALS and TIPS cohorts (see Methods), neonates who went on to develop eczema and/or asthma during childhood exhibited a significant increase in the faecal abundance of 3EH genes. Although these microbial risk genes require validation in additional larger cohorts, they represent exciting targets for future study and potential intervention.
Discussion
Our previous study determined that one-month-old neonates who subsequently developed childhood atopy and/or asthma exhibited a perturbed gut microbiome and increased concentrations of 12,13-diHOME 11 . In this study, we aimed to determine whether this oxylipin promotes proallergic immune dysfunction in vitro and in vivo, in an attempt to establish a mechanistic link between metabolic dysfunction of the gut microbiome during early life and the development of childhood disease. Consistent with this hypothesis, intra-abdominal delivery of 12,13-diHOME exacerbated airway inflammation, reduced the frequency of lung T reg cells and increased the concentration of serum IgE in mice (Fig. 1) . In vitro, we found that 12,13-diHOME interacts directly and agonistically with PPARγ on DCs, altering expression of PPARγ-regulated genes involved in fatty acid uptake, metabolism and presentation (Fig. 2c ). We observed that the profile of DC gene expression is consistent with that shown by Lynes et. al., who demonstrated that 12,13-diHOME leads to an increase in fatty-acid uptake in skeletal muscle and brown adipose tissue 17, 18 . Here we showed that 12,13-diHOME upregulated FABP4 and HADH-PPARγ-regulated genes involved in fatty acid uptake and metabolism-indicating that common cellular mechanisms may underlie the effect of this molecule on distinct mammalian cell populations and tissues.
Given that 12,13-diHOME promoted allergic inflammation in vitro and in vivo, we aimed to identify potential sources of 12,13-diHOME in the neonatal gut microbiome. Metagenomic screening identified a large number of putative bacterial EHs and indicated that the faeces of high-risk neonates are enriched with these bacterial genes ( Fig. 3c ). Of the most frequently detected putative EH genes, several distinct genes were encoded by B. bifidum and E. faecalis, indicating that strain-specific variance in EH gene content and function exists in the neonatal gut microbiome. Indeed of the 11 EHs screened, only 3 were capable of producing 12,13-diHOME (Fig. 3d ). The copy number of these three bacterial genes was both significantly enriched in the stool of neonates at high risk for childhood atopy and/or asthma and associated with an increased probability of allergic disease in two small, but racially, geographically and socioeconomically distinct birth cohorts. Notably, the TIPS and WHEALS cohorts were collected in the 2000s, in different cities, several years apart. Previous studies have demonstrated that collection and storage conditions alter the microbial and metabolic profiling of stool 43, 44 . Although this represents a limitation, the associations between 12,13-diHOME, the 3EH genes and development of allergic disease remained consistent between these distinct cohorts. Although further testing in larger cohorts is required, this suggests that the observed associations may be generalizable to a broader population.
Our data indicate that an increased copy number of specific bacterial EH genes and elevated concentration of their product-12,13-diHOME-in the gut microbiome during early life are related to clinical outcomes of atopy, eczema and asthma during childhood. Humans have the capacity to produce 12,13-diHOME 35 , and all of the infants in our study showed baseline levels of faecal 12,13-diHOME. However, neonates whose gut microbiomes encode bacterial EH genes with the confirmed ability to produce this lipid exhibited increased concentrations of 12,13-diHOME, highlighting the importance of bacterial production of 12,13-diHOME in highrisk neonates. Our data support a role for 12,13-diHOME in promoting allergic inflammation both in vitro and in vivo. The observation that 12,13-diHOME induces altered lipid uptake, metabolism and presentation, and reduced IL-10 secretion by human DCs suggests that it may mediate its proallergic effect in part by altering immune cell metabolism. We acknowledge that other microbial-derived products likely contribute to early-life immune dysfunction associated with childhood atopy and asthma. This study exemplifies just one component of a complex microbiome-immune interaction in high-risk neonates that promotes allergic inflammation and offers a mechanism by which metabolic products of neonatal gut bacteria may increase susceptibility to allergies and asthma during childhood.
Methods
Animal models. Six-week-old female C57BL/6 mice were obtained from Jackson Laboratories and randomized to treatment groups. All experiments were performed with 3-5 mice per cage; mice were cohoused for 2-3 weeks before Articles Nature Microbiology treatment to minimize the effect of cages. Each treatment group was housed independently to mitigate potential effects of cohousing and coprophagy. Housing from the same assay were stored in the same rack and handled identically to minimize microbial variation 45 . To determine sample size, a pilot study was performed to estimate the effect size (d = 5.47) of 12,13-diHOME on T reg cell frequency in mouse lungs. This estimated effect size was used to determine the minimal sample size (n = 3) given an α = 0.05 and a β = 0.80.
For the studies presented in Fig. 1a-g and Supplementary Fig. 1a -k, mice were treated on days 1, 2, 3, 14 and 21 with 30 mg kg −1 12,13-diHOME solubilized in 10% dimethylsulfoxide (DMSO) or vehicle (10% DMSO) by peritoneal injection. Three hours after injection, mice were challenged intratracheally with either PBS or CRA (20,000 PNU ml −1 ; Greer). Twenty-four hours after the final challenge, mice were anaesthetised, injected retro-orbitally with 100 μl CD45-APC (1:10), allowed to recover from anaesthesia and subsequently euthanized. Serum and lung tissue were collected from all mice subjected to allergen challenge. Serum concentrations of IgE were determined for all animals from which more than 20 μl of serum was obtained by cardiac puncture (n = 57). After euthanasia, the right and left lungs were separated. In the majority of repeats, the inferior lobes of the left lungs were processed for histological analysis (n = 47; Fig. 1c,d, Supplementary Fig. 1a,b) . The remaining lobes of the left lung were processed for flow cytometry and stained for T reg cells (n = 47; Fig. 1g, Supplementary Fig. 1d ), whereas the right lung was either processed for qPCR (n = 27) or flow cytometry (n = 28). There were two exceptions to this: in repeat P1A6 (represented by plus symbols in Fig. 1 ) the left lung was not processed or stained for T reg cells; in repeat P1A5 (represented by diamond symbols in Fig. 1 ) histological analysis was not performed.
Serum was isolated, and serum IgE levels were measured using a mouse IgE ELISA Max kit (Biolegend). Lungs were sent to the Mouse Pathology Core at University of California, San Francisco (UCSF) for haematoxylin and eosin staining of paraffin-embedded tissue sections. Two bronchioles and two vessels from each stained tissue section were scored on a 0-4 scale in which 0 represents structures with no inflammatory infiltrates; 1 represents few inflammatory cells; 2 represents a ring of inflammatory cells that is 1 cell layer wide; 3 represents a ring of inflammatory cells that is 2-4 cells wide; and 4 represents a ring of inflammatory cells more than 4 cells wide. Each structure was scored by two blinded individuals, and scores were averaged for each animal. Cell counts were determined for each structure by a blinded individual. In brief, the ImageJ freehand selection tool was used to trace the perimeter of each bronchiole and vessel. The area extending beyond the perimeter of the vessel was cleared and the colour threshold of the image was adjusted using the default method with the following parameters: hue = 0-255, saturation = 0-255, brightness = 130-255, threshold colour = white, background = dark, colour space = HSB. The image was converted to an 8-bit greyscale and the threshold was adjusted using the B&W defaults and a range of 0-150. Counts were outlined and summarized using the analyse particles window (size = 0-infinity, circularity = 0.0-1.00).
Lung cell subsets were assessed using flow cytometry. Lung tissue was manually dissected, digested with 5 mg per sample collagenase (Sigma-Aldrich) and passed through a 40 μm filter to generate single-cell suspensions. CD45 − lung cells were considered to be resident cells and further classified as T cells (CD3 + ), neutrophils (Ly6G + CD11b + ), monocytes (F4/80 + Ly6C + Ly6G − CD11b + ) and alveolar macrophages (Siglec-F + F4/80 + CD11c + CD11b − ). The gating strategy can be found in Supplementary Fig. 1c . T reg cells were identified as CD3 + CD4 + CD25 + FOXP3 + cells using the human T cell gating strategy. A representative flow plot can be found in Supplementary Fig. 1d . Investigators were blinded to treatment groups while collecting and gating flow cytometry data.
Lung tissue was preserved in RNAlater (Ambion). Preserved lung tissue was homogenized in Lysing Matrix E Tubes (MP Biomedicals) using a FastPrep 24 homogenizer (MP Biomedicals) and extracted using an RNAeasy Mini Kit (Qiagen). An RT2 First Strand Kit (Qiagen) was used to synthesize cDNA, and expression of IL1A, IL1B and TNF relative to GAPDH was measured using a Power SYBR Green PCR Master Mix (ThermoFisher Scientific) and a QuantStudio 6 Real-Time PCR system (ThermoFisher Scientific). Primers are summarized in Supplementary Table 3 .
For the quantification of 12,13-diHOME in mouse lung and plasma samples ( Fig. 1h, Supplementary Fig. 1n ), six-week-old female C57BL/6 mice were purchased from Jackson Laboratories and treated with 30 mg kg −1 12,13-diHOME solubilized in 10% DMSO or vehicle (10% DMSO) by peritoneal injection. Three hours after a single injection, mice were euthanized and lung tissue and plasma were collected and frozen immediately in liquid nitrogen. Then, 12,13-diHOME was extracted from the tissue and plasma using an established solid-phase extraction protocol 46 . In brief, flash-frozen tissue was massed and added to a Lysing Matrix E tube containing 1 ml of methanol, 10 µl 0.2 mg ml −1 BHT/EDTA and 1.25 ng 12,13-diHOME-D4 (internal standard, Cayman Chemical) then homogenized as described above. Tissue samples were centrifuged for 10 min at 2,125g, and the supernatant was transferred to a Falcon tube containing 19 ml deionized water to generate a 5% methanol solution. Plasma samples were thawed on ice and 10 µl 0.2 mg ml −1 BHT/EDTA and 1.25 ng 12,13-diHOME-D4 were added to 250 µl of thawed plasma. All samples were extracted using Waters Oasis HLB Cartridges (60 mg of sorbent, 30 μM particle size) as previously described 20 .
Extracted samples were resuspended in methanol, and LC-MS was performed using a QTRAP 6500 mass spectrometer (AB Sciex) and a Nextera X2 HPLC (Shimadzu Scientific Instruments) as previously described 20 . Linear standard curves were generated using six injections of 12,13-diHOME, 9,10-diHOME and 12,13-diHOME-D4 (internal standard). Peaks were manually integrated, and recovery of the internal standard was used to correct for extraction efficiency.
For the mouse studies shown in Fig. 3e,f and Supplementary Fig. 3e -h, six-week-old female C57BL/6 mice were obtained from Jackson Laboratories and orally gavaged with the three E. coli strains that overexpress NP_814872, YP_003971091 and YP_003971333, and LA before intratracheal challenge with CRA. In brief, BL21 cells containing recombinant plasmids (described below in the 'Colorimetric detection of EH Activty' section) were streaked onto Lauria-Bertani (LB) agar plates supplemented with 50 µg ml −1 kanamycin. Isolated colonies were selected and used to inoculate 10 ml LB supplemented with 50 µg ml −1 kanamycin. Starter cultures were grown for 18 h at 37 °C and 200 r.p.m. and used to inoculate 120 ml LB supplemented with kanamycin. These cultures were grown until the optical density at 660 nm (OD 660 ) reached 0.6, at which point expression was induced with 1 mM isopropyl-β-d-1-thiogalactopyranoside (IPTG; Sigma-Aldrich). The temperature was reduced to 25 °C and incubation continued for 18 h at 200 r.p.m. Cultures were then centrifuged for 15 min at 3,000g, and the OD 660 was adjusted to 6. The three strains were combined to make a 25% glycerol stock solution with approximately 1 × 10 9 colony forming units per strain and frozen in 500 μl aliquots.
Mice were treated by oral gavage and subjected to intratracheal challenge on days 1, 2, 3, 14, and 21 ( Supplementary Fig. 3e ). Each challenge was preceded by 4 d of oral gavage with either 75 μl 3EH and LA or 25% glycerol. Immediately before treatment, 250 μl filter-sterilized LA (Sigma-Aldrich) was added to each 500 μl 3EH glycerol stock. Mice were challenged intratracheally with either 50 μl CRA or PBS. On day 22, mice were euthanized and their lungs and plasma were collected. The concentration of 12,13-diHOME and 9,10-diHOME in the plasma and the frequency of lung T reg cells were determined as described above. All mouse studies were reviewed and approved by the University of California San Francisco's Institutional Care and Use Program. Investigators were blinded to treatment groups while collecting and scoring all flow cytometry and mass spectrometry data.
Human immune assays. 12,13-diHOME purchased from Cayman Chemical was stored at −20 °C in methyl acetate until use. Although 12,13-diHOME may be stably stored in organic solvents for several years, it is relatively unstable in aqueous solutions; this was reflected in the need for high concentrations of this lipid in our in vitro assays. We attempted to mitigate these limitations by solubilizing 12,13-diHOME in DMSO and preparing aqueous solutions immediately before use; however, the concentrations used in our in vitro assays are unlikely to directly reflect those found in tissue.
To prevent degradation, fresh solutions of 12,13-diHOME solubilized in DMSO were prepared immediately before use (<2 h). For all experiments, methyl acetate was removed under a nitrogen stream, and the compound was resuspended in DMSO (maximum solubility 20 mg ml −1 ) before addition of PBS or media. Fresh media containing 12,13-diHOME was added every 48 h to in vitro assays. This strategy of solvent evaporation and subsequent resuspension in DMSO was used for several related oxylipins sold by Cayman Chemical, including 9,10-diHOME, 12,13-EpOME, 9-HODE and 13-HODE, none of which had a significant effect on the frequency of T reg cells ( Supplementary Fig. 2b ). IL-10 secretion was measured using a cytometric bead array (BD Biosciences). Human DCs were isolated from the peripheral blood mononuclear cells (PBMCs) of two healthy human donors as previously described 11 and treated with increasing concentrations of 12,13-diHOME (Cayman Chemical) solubilized in 0.2% DMSO. Human PBMCs were isolated from human plasma that was purchased from the Blood Centers of the Pacific and were not subject to UCSF institutional review board (IRB) approval. Supernatant was collected after 24 h. IL-10 concentrations were determined according to the manufacturer's instructions.
Co-culture of human DCs and T cells in the presence of 12,13-diHOME was performed as previously described 11 . In brief, DCs were isolated from the PBMCs of two healthy human donors and treated for 5 d with 130 μM 12,13-diHOME solubilized in 0.2% DMSO or vehicle (0.2% DMSO) in the presence of 20 ng ml −1 IL-4 (R&D Systems) and 10 ng ml −1 GM-CSF (R&D Systems). Fresh treatment media was added every 48 h throughout the course of the study. Then, 18 h before co-culture, DCs were stimulated with 10 ng ml −1 TNF, IL-1β and IL-6 (Peprotech) and 1 mM prostaglandin E2 (Stemcell Technologies). DCs were subsequently washed and co-cultured with autologous T cells in the presence of 10 ng ml −1 anti-CD28 and anti-CD49d antibodies (BD Bioscience). Flow cytometry was used to authenticate human DCs and T cells before co-culture, and primary cells were not tested for mycoplasma.
After 5 d of co-culture, T cell subsets were analysed by flow cytometry. To assess cytokine secretion, cells were stimulated for 16 h with phorbol myristate acetate and ionomycin (ACROS) and GolgiPlug (Gplug; BD Biosciences). Antibodies used for staining are summarized in Supplementary Table 2 . Flow cytometry data were collected on a BD LSR II flow cytometer. Helper T cell subsets were defined as follows: T H 1, CD3 + CD4 + IFNγ + ; T H 2, CD3 + CD4 + IL-4 + ; T H 17,
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Nature Microbiology CD3 + CD4 + IL-17 + ; T reg cells, CD3 + CD4 + CD25 + FOXP3 + . The human T cell gating strategy can be found in Supplementary Fig. 1e .
Human DC maturation was assessed by flow cytometry. PBMCs were isolated from two healthy human donors using Ficoll-Hypaque gradient centrifugation as previously described 11 and cultured for 5 d in the presence of 20 ng ml −1 IL-4 and 10 ng ml −1 GM-CSF. Monocytic DCs were defined as CD3 − CD19 − CD11c + . The DC gating strategy can be found in Supplementary Fig. 1h .
Gene expression was examined in human DCs. DCs were isolated as described above and treated for 2 d with 130 μM 12,13-diHOME. Cells were washed twice in PBS and RNA was extracted using the RNAqueous Micro Kit (Ambion). An RT2 First Strand Kit (Qiagen) was used to synthesize cDNA, and expression of CD36, CD1A, FABP4 and HADH relative to ACTB was measured using Power SYBR Green PCR Master Mix (ThermoFisher Scientific) and a QuantStudio 6 Real-Time PCR system (ThermoFisher Scientific). Fold changes (2 −ΔΔC t ) relative to vehicle treatment were plotted on a log scale in Fig. 1d ,e. Primers are summarized in Supplementary Table 3 .
Luciferase assay.
A modified PPARγ luciferase assay was performed as described in Ye et. al. 45 . A PPRE-luciferase reporter plasmid, PPRE X3-TK-luc from B. Spiegelman (1015; Addgene), and a PPARγ overexpression plasmid, pGST-PPARγ from B. Vogelstein (16549; Addgene), were purified using a Plasmid Plus Maxi Kit (Qiagen). Raw264.7 cells were obtained from and authenticated by the UCSF Cell Culture Facility and were not tested for mycoplasma contamination. Cells were grown in R10 medium (Roswell Park Memorial Institute (RPMI) medium 1640 supplemented with 10% heat-inactivated fetal bovine serum, 2 mM lglutamine and 100 U ml −1 penicillin-streptomycin) were transfected with PPRE reporter:PPARγ:Renilla luciferase plasmid DNA at a ratio of 1:20:40 using 50 ng per well of reporter plasmid DNA. Fugene HD transfection reagent (Promega) was combined with plasmid DNA at a ratio of 4:1 and the total volume was brought to 5 μl per well with RPMI. The transfection mixture was gently combined with diluted Raw264.7 cells and plated in black clear-bottom 96-well plates at a density of 50,000 cells per well. Twenty-four hours after transfection, cells were treated with 12,13-diHOME, rosiglitazone or GW1929 (Cayman Chemical) solubilized in 0.1% DMSO. Twenty-four hours after treatment, Firefly luciferase and Renilla luminescence were measured using the Dual-Glo Luciferase Assay kit (Promega) on a Cytation 3 plate reader (BioTek Instruments). Negative controls included the following: Raw264.7 cells transfected with the reporter plasmids (but no PPARγ plasmid) and treated 12,13-diHOME; untransfected untreated cells; and transfected untreated cells ( Supplementary Fig. 1i ).
Study population and definitions for the WHEALS cohort. WHEALS recruited pregnant women (n = 1,258) between the ages of 21 and 49 between August 2003 and November 2007 in southeast Michigan 47 . Women were considered to be eligible if they lived in a predefined cluster of contiguous zip codes near Detroit, Michigan, had no intention of moving out of the area and provided informed written consent. Follow-up interviews were conducted at 1, 6, 12, 24 and 48 months after birth. The appointment at 24 months occurred at a standardized study clinic, in which the child underwent evaluation by a board-certified allergist. Stool samples from children were collected during home visits at one month and used in this study.
Samples were shipped to the UCSF on dry ice, where they were stored at −80 °C until processing. Faecal DNA extracted using the modified cetyl trimethylammonium bromide (CTAB) method 9 and previously used for fungal and bacterial profiling was stored at −20 °C until analysed in this study. Atopy was defined as per Havstad et al. 1 . Children with asthma were identified by parentreported doctor diagnosis of asthma during interview at 48 months. All research on human participants was reviewed and approved by the Henry Ford Hospital Institutional Review Board.
Characteristics of the individuals in our subset of the WHEALS birth cohort.
A subset of 41 neonates were selected from the WHEALS cohort (median age = 35 d when stool samples were taken) who had previously undergone faecal fungal and bacterial microbiota profiling 11 and had >50 mg of stool and >10 ng of extracted faecal DNA remaining from the samples collected during home visits at one month of age (Supplementary Table 6 ; total n = 41, atopic n = 7, asthmatic n = 8, atopic asthmatic n = 4). These included 26 stool samples, microbiologically representative of the variance in gut microbiota observed in this larger (n = 130) cohort, that had previously undergone untargeted metabolomic profiling 11 and 15 randomly selected faecal samples with >50 mg of stool and >10 ng of DNA, all of which had available childhood atopy and/or asthma outcomes. Power calculations were performed in G*Power v.3.1. Effect size was estimated on the basis of the relative concentration of 12,13-diHOME in high-and low-risk neonates, shown in supplementary figure 9 of Fujimura et. al. 2016 11 . The estimated effect size (d = 1.228), α = 0.05 and power = 0.95 were used to estimate the required sample size (n = 38, assuming allocation of N2/N1 = 1). Of the 41 samples in our subset, 19 (46%) had atopy and/or asthma, 20 (48.8%) were male and 32 (78%) were black, based on maternal self-reports. Furthermore, 8 (19.5%) were born by caesarean section, 4 (9.75%) were exclusively breastfed until one month of age, 7 (17%) reported diagnosis by a doctor of maternal asthma, 6 (14.6%) reported maternal smoking during pregnancy and 13 (31.7%) lived with an indoor or outdoor dog or cat before delivery. The results presented in this study require replication in a larger neonatal population.
Study population and definitions for the TIPS birth cohort. The TIPS study recruited infants in the San Francisco Bay area who had at least one parent with a history of asthma and parents who were willing to supplement breast milk or formula with a probiotic supplement or placebo for at least one feed each day 48 . Eligible infants were randomized to either the intervention arm, in which they received probiotic supplementation, or the placebo arm, in which they were supplemented daily for six months with 325 mg daily inulin 42 -a fermentable prebiotic shown to increase the frequency of Bifidobacterium species in paediatric and adult populations 42 . Stool was collected throughout the study. Demographics data were collected after the birth of an infant and obstetric medical records were used to confirm the method of delivery. Physical examinations were conducted by study clinicians at 1, 3, 6, 12 and 24 months of age, and interviews with the family were conducted monthly for the first year of life and semi-annually in all subsequent years 42 . The TIPS study was reviewed and approved by the UCSF IRB (10-02968).
Stool samples collected from one-month-old participants in the placebo arm of randomized control trial were used in this study. Stool was collected from diapers, mailed overnight to the study team and immediately stored at −80 °C until processing. Faecal DNA was extracted using the previously described modified CTAB method 49 and stored at −20 °C until analysis.
Characteristics of the individuals in our subset of the TIPS cohort.
A random subset of 50 neonates from the placebo arm of the TIPS cohort (median infant age = 32 d when stool samples were collected) that had >300 mg stool remaining from collection at one month of age were selected (total n = 50, eczema n = 22, asthma n = 6, eczema and asthma n = 23; Supplementary Table 7 ). Of the 50 neonates, 20 (40%) were male and 4 (8%) were black, based on a family self-report. Furthermore, 15 (30%) were born by caesarean section, 28 (56%) were exclusively breastfed until one month of age, 31 (62%) reported doctor-diagnosis of maternal asthma, 1 (2%) reported maternal smoking during pregnancy and 18 (36%) did not live with a cat or dog.
Mass spectrometry in human samples. Faecal oxylipin (9,10-diHOME and 12,13-diHOME) concentrations were assessed in our subset of the WHEALS cohort (n = 41). Oxylipins were extracted from approximately 50 mg of neonatal stool using the protocol described above. LC-MS was performed on a Thermo LTQ-Orbitrap-XL mass spectrometer equipped with an electrospray ionization source (ThermoFisher Scientific). The concentrations of 12,13-diHOME used in our ex vivo cell assays (~40 μg g −1 ) and in vivo animal models (~0.2 μg g −1 ) were within an order of magnitude of the concentrations measured in stool from high-risk neonates (0.2-4 μg g −1 ). The stability of oxylipins in faeces is unknown. Although 12,13-diHOME is relatively stable in organic solvent, we noticed that the median concentration of 12,13-diHOME was higher in the TIPS samples compared with the older WHEALS samples (P = 0.0143; Supplementary Fig. 3i ), indicating the potential for lipid-signal degradation in long-term-stored samples.
Metagenomic data analysis. DNA from the 26 stool samples from the WHEALS cohort that had previously undergone untargeted LC-MS 11 and targeted oxylipin quantification (described above) was extracted using the modified CTAB method and sent to the Vincent J. Coates Genomic Sequencing Laboratory at the California Institute for Quantitative Biosciences for 150-bp paired-end sequencing on an Illumina HiSeq 4000 (www.qb3.berkeley.edu/gsl). Recognizing that the duration of sample storage affects concentration and integrity of DNA 43, 50, 51 and that the WHEALS stool samples were collected in the early 2000s, metagenomic sequencing was only performed on samples that had sufficient concentrations of DNA with sufficient integrity to produce high-quality sequencing data for our metagenomic screen (n = 26). Sequencing efforts resulted in an average of 4.41 Gb (range of 3.05-7.68 Gb) of data per sample with an average coverage of 66.5 reads per contig (range of 21.8-148.8) as determined by Megahit 52 . Sequencing reads were quality-trimmed to Q17 with BBDuk (https://sourceforge.net/projects/bbmap/). A database of approximately 78,000 known bacterial (~73,000), fungal (~5,000) and human (~50) EH genes was generated using the NCBI protein database. All genes that had been tagged as 'epoxide hydrolases' were included in the database. The EH database and the UniRef50 database 53 were input into the ShortBred identify pipeline 36 and used to generate EH-specific markers. These markers were inputted into ShortBred quantify and were used to probe the quality-trimmed metagenomes for EH markers. The normalized marker abundance for each gene was summed and used to generate the normalized EH gene counts in Fig. 3b . The 30 most abundant EH genes were visualized using a heatmap generated by HClust2 (https:// bitbucket.org/nsegata/hclust2) and Canberra distance matrices (Fig. 3c ).
Colorimetric detection of EH activity.
A subset of 13 of the most-abundant EH genes were selected for functional investigation on the basis of the number of EH markers per gene identified in the metagenomic analysis (Supplementary Table 1 ). Genes with fewer than 75% of markers were excluded from further analysis. The 1 nature research | reporting summary A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted All computer code used in this study is now publicly available in our github repository at www.github.com/srlevan For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub 
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Ethics oversight UCSF IACUC provided ethical oversight and approval of this animal study. Protocol AN171803
Note that full information on the approval of the study protocol must also be provided in the manuscript.
Human research participants
Policy information about studies involving human research participants The TIPS cohort was collected in the San Francisco Bay area from 2006-2006. Our subset of 50 neonates from the placebo arm of the TIPS cohort (stool median age = 32 days) that had more than 300 mg of one-month stool remaining were selected (Table S7 ; total n=50; eczema=22; asthma=6; eczema and asthma=23). Of the 50 neonates, 20 (40%) were male and 4 (8%) were black, based on a family report of demographics. Additionally, 15 (30%) were born by Cesarean section, 28 (56%) were exclusively breastfed until one month of age, 31 (62%) reported doctor-diagnosis of maternal asthma, 1 (2%) reported maternal smoking during pregnancy, and 18 (36%) did not live with a cat or dog.
Additionally, plasma donated by health human donors was used for human immune cell assays. Plasma was purchased from Blood Centers of the Pacific and all samples were de-identified prior to purchase.
Recruitment
The WHEALS cohort recruited pregnant women age 21-49 who lived in a predefined cluster of contiguous zip codes near Detroit, Michigan and had no intention of leaving the area. The TIPS cohort recruited newborns from the San Francisco Bay area, who had at least one parent with a history of asthma and were willing to supplement breast milk or formula with probiotics or placebo for at lease one feed each day. Populations used in this study likely reflect neighborhoods from which study participants were recruited and in particular those who sought care obstetric care in the area. Participants opted to enroll their children in this study and to participate in follow up over the first five years of life, which is likely reflected in the self-selection bias of the participants. Additionally, participants in the TIPS study were randomized to the placebo arm; however, they had agree to provide daily pro-biotic supplementation to their infant for the first six months of life, which may have limited the potential participants.
Ethics oversight
Wayne State University IRB provided ethical oversight for the WHEALS cohort, while the UCSF IRB provided ethical oversight for the TIPS cohort.
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Methodology
Sample preparation
Human T Cell Assays: DCs were isolated from the PBMCs of two healthy human donors and treated for five days with 130 μM 12,13 DiHOME solubilized in 0.2% DMSO or vehicle (0.2% DMSO) in the presence of 20 ng mL-1 IL-4 (R&D Systems, Minneapolis, MN) and 10 ng mL-1 GM-CSF (R&D Systems, Minneapolis, MN). Fresh treatment media was added every 48 hrs throughout the course of the study. Eighteen hours prior to co-culture, DCs were stimulated with 10 ng mL-1 TNFα, IL1β, and IL-6 (Peprotech, Rocky Hill, NJ) and 1 mM prostaglandin E2 (Stemcell Technologies, Cambridge, MA). DCs were subsequently washed and cocultured with autologous T cells in the presence of 10 ng mL-1anti-CD28 and anti-CD49d (BD Bioscience, San Jose, CA). After five days of co-culture, T cell subsets were analyzed by flow cytometry. To assess cytokine secretion, cells were stimulated for 16 hrs with Phorbol Myristate Acetate-Ionomycin (ACROS, Morris Planes, NJ) and GolgiPlug (Gplug; BD Biosciences, San Jose, CA)
Human DC Assays: PBMCs were isolated from two healthy human donors using Ficoll-Hypaque gradient centrifugation as previously described1 and cultured for five days in the presence of 20 ng mL-1 IL-4 and 10 ng mL-1 GM-CSF. Monocytic DCs (DCs) were defined as CD3-CD19-CD11c+. The DC gating strategy can be found in Supplemental Fig. 1e . Software Data was collected using FACS Diva version 8.0 and analyzed using FlowJo version 10.1 (flow cytometry) or FCAP Array version 3.0.1 (CBA assay). Graphs and statistical analysis were performed using R version 3.2.3. All R scripts can be found at https:// github.com/srlevan/.
Cell population abundance Cells were not sorted.
Gating strategy
Human T Cells: All boundaries were initially identified in human T cells that were stained with the full panel +/-the antibody of interest. Lymphocytes were selected by FSC-A (25K-75K) and SSC(25K-75K). Single cells were gated using FSC-A and FSC-H . The following boundaries were used in gating: Live : Live-Dead-AmCyan<500 CD3+ : CD3-A700>2000 CD4+ : CD4-BV711>700 CD8+ : CD8-BD605>700 IFNg+ : IFNg-FITC >6000 IL4+ : IL-4-PE>3000 IL17+ : IL-17-APC>500 FoxP3+ : FoxP3-PB>500 CD25+ : CD25-PE-Cy7>1000
Human DCs: All boundaries were initially identified in human peripheral blood mononuclear cells that were stained with the full panel +/-the antibody of interest. Forward and side scatter were used to select monocytes [FSC (0-250K) and SSC (50K-250K)], excluding lymphocytes [FSC(25K-75K) and SSC(25K-75K)]. Single cells were gated using FSC-A and FSC-H. The following boundaries were used in gating: Live : Live-Dead-AmCyan<3000 CD3-: CD3-A700<1000 CD19-: CD19-PE-Cy7<800 CD11c+ : CD11c-APC>1050 CD36+ : CD36-PB>10,000 CD1a+ : CD1a-PE>2000 CCR7+ : CCR7-FITC>2000 CD80+ : CD80-BV605>1000
Mouse Tregs: All boundaries were initially identified in mouse splenic and lung cells that were stained with the full panel +/-the antibody of interest. Forward and side scatter were used to select lymphocytes [FSC(25K-75K) and SSC(25K-75K)] were excluded. Single cells were gated using FSC-A and FSC-H. The following boundaries were used in gating: Live : Live-Dead-AmCyan<3000 CD3+ : CD3-A700>2000 CD4+ : CD4-BV711>500 CD8+ : CD8-BD605>1050 FoxP3+ : FoxP3-PB>1000 CD25+ : CD25-PE-Cy7>800
Mouse Innate Cells: All boundaries were initially identified in mouse lungs that were stained with the full panel +/-the antibody of interest. Forward and side scatter were used to select granulocytes [FSC (0-250K) and SSC (50K-250K)]. Single cells were gated using FSC-A and FSC-H. The following boundaries were used in gating: CD45-: CD45-APC<1000 Live : Live-Dead-AmCyan<1000 CD11b+ : CD11b-QDot 605 >500 Eosinophils : CD11b-QDot605 4000-20,000 SiglecF-PerCP 1000-10,000 Siglec-F+ : Siglec-F-PerCP>2000 CD11b -: CD11b-QDot605 <500 Ly6G -: Ly6G-APC<1000 Ly6G + : Ly6G-APC>1000 F4/80+ : F4/80-QDot705 > 2000 CD11c + : CD11c-PB>1000 Ly6C + : Ly6C-PE-Cy7>500 Ly6C -: Ly6C-PE-Cy7 <500
Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
